Introduction: Due to the increasing prevalence and severity of invasive candidiasis, investigators have developed clinical prediction rules to identify patients who may benefit from antifungal prophylaxis or early empiric therapy. The aims of this study were to validate and compare the Paphitou and Ostrosky-Zeichner clinical prediction rules in ICU patients in a 689-bed academic medical center. Methods: We conducted a retrospective matched case-control study from May 2003 to June 2008 to evaluate the sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV) of each rule. Cases included adults with ICU stays of at least four days and invasive candidiasis matched to three controls by age, gender and ICU admission date. The clinical prediction rules were applied to cases and controls via retrospective chart review to evaluate the success of the rules in predicting invasive candidiasis. Paphitou's rule included diabetes, total parenteral nutrition (TPN) and dialysis with or without antibiotics. Ostrosky-Zeichner's rule included antibiotics or central venous catheter plus at least two of the following: surgery, immunosuppression, TPN, dialysis, corticosteroids and pancreatitis. Conditional logistic regression was performed to evaluate the rules. Discriminative power was evaluated by area under the receiver operating characteristic curve (AUC ROC). Results: A total of 352 patients were included (88 cases and 264 controls). The incidence of invasive candidiasis among adults with an ICU stay of at least four days was 2.3%. The prediction rules performed similarly, exhibiting low PPVs (0.041 to 0.054), high NPVs (0.983 to 0.990) and AUC ROCs (0.649 to 0.705). A new prediction rule (Nebraska Medical Center rule) was developed with PPVs, NPVs and AUC ROCs of 0.047, 0.994 and 0.770, respectively. Conclusions: Based on low PPVs and high NPVs, the rules are most useful for identifying patients who are not likely to develop invasive candidiasis, potentially preventing unnecessary antifungal use, optimizing patient ICU care and facilitating the design of forthcoming antifungal clinical trials.
Introduction
The prevalence of nosocomial invasive candidiasis has increased dramatically since the 1990s, with Candida spp. being the fourth most common cause of bloodstream infections in the United States, accounting for 9% of such infections, over half of which occur among ICU patients [1, 2] . Some risk factors commonly associated with invasive candidiasis include prior surgery, acute renal failure, receipt of total parenteral nutrition (TPN) and presence of a central venous catheter (CVC) [3] . The clinical and economic burden of invasive candidiasis is significant, as these infections are associated with increased mortality, longer hospital stay and higher cost [4] . Crude mortality in patients with candidemia is approximately 40%, with the highest mortality among those infected with C. krusei (approaching 60%) and the lowest among those infected with C. parapsilosis (approaching 30%) [2] . Delayed initiation of appropriate antifungal therapy for candidemia has been associated with increased mortality [5] [6] [7] .
In an effort to minimize the detrimental effects of nosocomial candidiasis and delayed appropriate therapy, prophylactic antifungal therapy has been utilized with varied results [8] . Some studies of ICU patients have shown a beneficial effect of antifungal prophylaxis [9] [10] [11] , but others have not [12] . Two meta-analyses have shown conflicting results, one showing decreased mortality with antifungal prophylaxis [13] and the other showing no survival advantage [14] . Nevertheless, universal antifungal prophylaxis is not clinically or fiscally responsible, as many patients are at low risk for developing infection and inappropriate use of antifungals can promote resistance and increase costs. Therefore, a prediction rule for identifying patients most likely to benefit from prophylaxis would be advantageous.
In 2005, Paphitou and colleagues [15] published a prediction rule for invasive candidiasis in ICU patients that incorporated risk factors of hemodialysis, TPN, diabetes mellitus and broad-spectrum antibiotics. In 2007, Ostrosky-Zeichner and colleagues [16] sought to improve upon the previously published rule. They found that a CVC or broad-spectrum antibiotics in combination with at least two minor risk factors (pancreatitis, major surgery, TPN, immunosuppressants, corticosteroids or dialysis) was predictive of invasive candidiasis.
Limited data regarding external validation of the Ostrosky-Zeichner rule exist [17, 18] , and no published evidence indicates external validation of the Paphitou rule. The aim of our study was to evaluate the Paphitou [15] and Ostrosky-Zeichner [16] clinical prediction rules and retrospectively validate them in ICU patients at our institution.
Materials and methods

Population
This study was a retrospective, matched case-control study conducted at The Nebraska Medical Center, a 689-bed academic medical center. Cases and controls were eligible for inclusion if they had an ICU stay of four days or longer from May 2003 through June 2008 and were at least 18 years old. Exclusion criteria included invasive candidiasis or receipt of systemic antifungals prior to day 4 of the ICU stay. Inclusion and exclusion criteria matched those of the original studies [15, 16] . Patients who developed invasive candidiasis from day 4 of the ICU stay through seven days after ICU discharge were identified on the basis of clinical microbiology data and served as the case cohort. Cases were matched at a 1:3 ratio with patients who did not develop invasive candidiasis (controls), according to negative culture results, based on age, gender and ICU admission date. The overall incidence of invasive candidiasis was determined by the entire ICU cohort of all patients at least 18 years old with an ICU stay of at least 4 days admitted during the study period (not limited to cases and controls). The clinical prediction rules were applied to cases and controls via retrospective chart review to evaluate the success of the rules in predicting invasive candidiasis. The study was approved by our medical center's Institutional Review Board with a complete waiver of informed consent.
Data collection
Invasive candidiasis risk factor data were collected starting from seven days prior to ICU admission (D-7) through the third day of ICU stay (D3) and included presence of a CVC, TPN, hemodialysis, major surgery, pancreatitis, mechanical ventilation, Acute Physiology and Chronic Health Evaluation (APACHE) II score (calculated on D1), history of invasive candidiasis, broad-spectrum antibiotics, systemic corticosteroids and immunosuppressants. Outcome data were collected from day 4 of the ICU stay through 7 days after ICU discharge and included cultures positive for Candida spp. from blood, peritoneal fluid or another sterile site. Urine, sputum or bronchial washing positive for Candida spp. were not considered invasive candidiasis. The diagnosis of invasive candidiasis was made based on the revised consensus definitions of invasive fungal infections developed by the European Organization for Research and Treatment of Cancer/Invasive Fungal Infections Cooperative Group and the National Institute of Allergy and Infectious Disease Mycoses Study Group [19] . More specifically, only those with proven invasive candidiasis, as demonstrated by recovery of yeast from a sample obtained from a normally sterile site, were included as cases. Major surgery was defined as a procedure utilizing general anesthesia. Pancreatitis was identified using International Classification of Diseases, Ninth Revision, code 577.0 (acute pancreatitis) as a primary or secondary discharge diagnosis. From the electronic medical records, we collected data regarding administration of medications and TPN; culture, chemistry and hematology profiles; history of invasive candidiasis; and diabetes. Data regarding mechanical ventilation, vital signs, surgeries, ICU discharge date and CVC were collected from the paper medical records. Discharge disposition and cost of stay data were collected from the institution's financial database.
Clinical prediction rules
The Paphitou rule included receipt of TPN (D-7 to D0), hemodialysis (D1 to S3) or a history of diabetes mellitus with or without broad-spectrum antibiotics (D-7 to D3). For purposes of this study, two Paphitou rules were evaluated: one without broad spectrum antibiotics and one with broad spectrum antibiotics ( Table 1 ). The Ostrosky-Zeichner rule included one of two major risk factors (CVC (D1 to D3), receipt of broad-spectrum antibiotics (D1 to D3)) and at least two minor risk factors (TPN (D1 to D3), dialysis (D1 to D3), major surgery (D-7 to D0), pancreatitis (D-7 to D0), corticosteroids (D-7 to D3) or immunosuppressants (D-7 to D0)). For purposes of this study, two Ostrosky-Zeichner rules were evaluated: one with broad-spectrum antibiotics and one with a CVC (Table 1) .
A breakpoint value was calculated for each clinical prediction rule based on the final regression equation for each specific clinical prediction rule. The breakpoint values provide a practical means by which to interpret the results of each equation after they are applied to an individual patient. For example, if the resultant value is below the breakpoint of the clinical prediction rule, then according to the clinical prediction rule, antifungal therapy will not be recommended, and vice versa.
Statistical analysis
Baseline categorical variables were analyzed using the χ 2 test, and continuous variables were analyzed using Student's t-test. Univariate regression was performed to select risk factors to be entered into the multivariable model. Risk factors with P < 0.20 in the univariate regression were selected for the backward elimination stepwise conditional logistic regression model. Each case and its three controls, matched on age, gender and ICU admission date, were used as a stratum in the conditional logistic regression analysis [20] . The final model included only variables with P < 0.05. These variables from the final model were used to construct the equations used for the clinical prediction rules. An institution-specific clinical prediction rule, named the Nebraska Medical Center rule (NMC rule), was developed based on the institutional risk factors demonstrating statistical significance following the conditional logistic regression modeling. The prediction rules were applied to our patient population, and the primary outcomes were sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV) of each of the clinical prediction rules for invasive candidiasis. A receiver operating characteristic (ROC) curve was generated for each rule, and the area under the ROC (AUC ROC) curve was calculated to determine their discriminative power. SPSS version 17.0 software (SPSS Inc., Chicago, IL, USA) was used for all analyses.
Results
Patient characteristics
From May 2003 through June 2008, 100 cases met our inclusion criteria. Four of these cases developed invasive candidiasis prior to day 4 and were excluded. Eight patients received systemic antifungals prior to day 4 and were excluded. Eighty-eight cases were included and matched to controls at a 1:3 ratio, yielding a total of 352 patients. Of these patients, 59% were male, 75.9% were Caucasian, 9.9% were African-American and the remaining 14.2% were Hispanic or of other ethnic origin. The mean age of the patient population was 60.3 years (range, 21 to 96 years). The overall incidence of invasive candidiasis during the study period for all patients at least 18 years old with an ICU stay of at least 4 days was 23.3 cases per 1,000 ICU patient-years. Table 2 shows the results of conditional logistic regression for the occurrence of risk factors in cases versus matched controls. The following risk factors demonstrated statistically significant differences: any broad-spectrum antibiotic use, CVC (D1 to D3), abdominal surgery (D-7 to D3), immunosuppressants (D-7 to D0), TPN (D1 to D3) and mean pre-ICU length of stay. These risk factors were used to derive the institution-specific rule (NMC rule), except for systemic corticosteroid use, which was used instead of immunosuppressants because corticosteroid use was more common, is likely to be more applicable to other populations and showed a trend toward statistical significance.
Risk factors
Outcomes
The original publications of the prediction rules did not provide specific equation variables for each rule. Therefore, on the basis of multivariate analysis of each risk factor, we derived equations for each prediction rule (Table 3) . Regardless of the statistical significance of the individual risk factors in our patient population (Table 2) , the Paphitou and Ostrosky-Zeichner rules were applied as is to our study population to calculate the sensitivity, specificity, PPV, NPV and AUC ROC for our institution (Table 4) . Sensitivity and specificity ranged from approximately 41% to 74% and 61% to 81%, respectively. The PPV was less than 5% for all rules except Paphitou 2, at 5.4%, and the 
Discussion
As shown in our study, invasive candidiasis is significantly associated with increased mortality, longer overall hospital stay and higher costs. Due to the appreciable morbidity, mortality and costs associated with invasive candidiasis and the implications of delayed appropriate antifungal therapy, the use of clinical prediction rules to help determine in which high-risk patients prophylactic antifungal therapy may be beneficial is of interest [2, [4] [5] [6] [7] . This study served as an external validation and comparison of two previously published clinical prediction rules for invasive candidiasis [15, 16] . The variables utilized in this study were applied exactly as published in the original rules. In our patient population, several risk factors used in the Paphitou and Ostrosky-Zeichner rules, including surgery, pancreatitis, hemodialysis and diabetes, were not shown to have statistically significant correlations to invasive candidiasis. Conversely, abdominal surgery and pre-ICU length of stay, which are risk factors that were not used in the Paphitou and Ostrosky-Zeichner rules, were found to be significantly associated with invasive candidiasis. These factors were used in combination with other significant risk factors, such as the use of broad-spectrum antibiotics, presence of a CVC and use of TPN and systemic corticosteroids to develop a clinical prediction rule for our patient population. The Paphitou and Ostrosky-Zeichner prediction rules performed similarly. Paphitou rule 1, involving the fewest risk factors, demonstrated the lowest sensitivity but the highest specificity. As the rules utilized more risk factors, the sensitivity increased with a corresponding drop in specificity. The NMC rule demonstrated a higher sensitivity than and similar specificity to the Ostrosky-Zeichner rule with the same number of risk factors used in the rule (Tables 3 and 4) . Depending on the rule, only 4.1% to 5.4% of patients meeting rule criteria developed invasive candidiasis. This low PPV suggests a limited role for the prediction rules in identifying patients most likely to benefit from antifungal prophylaxis in the ICU. Because of a relatively low overall incidence of invasive candidiasis, all of the prediction rules had a low PPV, which means that if the NMC rule had been applied to our study population, the percentage of ICU patients who would have received antifungal prophylaxis would have been 4.7%. In contrast, the rules demonstrated a high NPV. The NPVs indicate that fewer than 2% (fewer than 1% under the NMC rule) of patients not meeting rule criteria developed invasive candidiasis. This suggests that when the rule equations are applied to a patient, if the resultant value is below the rule breakpoint (Table 4) , the patient will not likely develop invasive candidiasis (for example, a probability of 99% using the NMC rule) and therefore will not benefit from antifungal prophylaxis.
Paphitou's rule was developed in 2005 on the basis of a study of 327 patients in a surgical ICU [15] . The overall incidence of invasive candidiasis in the Paphitou study was 7.1%, which is higher than the observed overall incidence of 2.3% in our study. However, our study was not conducted exclusively in a surgical ICU population. Direct comparison of the sensitivity, specificity, PPV and NPV is not possible, because these values were not reported in the Paphitou study.
In 2007, Ostrosky-Zeichner and colleagues [16] expanded on the results of the Paphitou study to include a broader range of risk factors in both medical and surgical ICU patients in a multicenter study of nearly 3,000 patients. In contrast to the Paphitou study, the overall incidence of invasive candidiasis among the OstroskyZeichner population, at 3%, was more similar to that of our patient population. Likewise, the Ostrosky-Zeichner patient population was more comparable to ours in that medical and surgical ICU patients were included. Sensitivity and specificity were 34% and 90%, respectively, and the PPV and NPV were 1% and 97%, respectively. In comparison, our study demonstrated higher sensitivity, PPV and NPV, but lower specificity.
More recently, Ostrosky-Zeichner and colleagues [17] further refined their rule in a retrospective study of 597 ICU patients by including the combination of mechanical ventilation for at least 48 hours and the presence of a CVC and broad-spectrum antibiotic use on D1 to D3 plus an additional minor risk factor and found that this changed the sensitivity, specificity, PPV and NPV to 50%, 83%, 10% and 97%, respectively. The investigators also applied their original rule to this patient population and found a sensitivity and specificity of 27% and 93%, respectively, and a PPV and NPV of 13% and 97%, respectively. In comparison, our study demonstrated higher sensitivity and NPV, but lower specificity and PPV. The overall incidence of invasive candidiasis in the Ostrosky-Zeichner population was 3.7%. Notably, 80% of patients in the Ostrosky-Zeichner study were surgical ICU patients, and 78% of them were mechanically ventilated in comparison to approximately 60% who were mechanically ventilated in our study. Moreover, mechanical ventilation was not found to be significantly different among cases and controls in our study population (Table 2 ). Because our study was completed before the new rule was published, comparison of the sensitivity, specificity, PPV and NPV of this rule in our patient population was not possible.
Notably, a large number of solid organ and hematopoietic stem cell transplants are performed at our institution. Because the specific equations used in the Paphitou and Ostrosky-Zeichner studies were not reported, we had to derive our own equations for their rules. Our patient population's characteristics may have caused various factors, such as use of immunosuppressants, systemic corticosteroids and broad-spectrum antibiotics, to be weighted differently in the equations for the rules. Consequently, these factors might have changed the performance of the rules. The AUC ROC curve is a measure of the discriminative power of the rule. A value of 1 would be equivalent to perfect discriminative power; that is, the higher and closer a value is to unity, the better the rule discriminates patients with invasive candidiasis from patients without invasive candidiasis. Paphitou rule 1, incorporating the fewest risk factors, achieved the lowest AUC ROC curve and therefore the lowest discriminative power. Our institution-specific rule had the highest AUC ROC curve at 0.770, indicating the best discriminative power among the various rules.
Playford et al. [18] recently evaluated three clinical prediction rules in a prospective cohort of 615 Australian ICU patients. The rules evaluated included the 2007 and 2011 Ostrosky-Zeichner rules plus an additional rule that included Candida colonization [16, 17, 21] . Fungal surveillance cultures of the throat, rectum and/or perineum and urine were performed 72 hours after ICU admission and twice weekly thereafter, enabling the investigators to add Candida colonization as a factor to the two Ostrosky-Zeichner rules. The overall incidence of invasive candidiasis in their study was 2.4%, which is similar to the incidence in our study. However, mechanical ventilation, CVC use and surgical procedures were more common and systemic corticosteroid and immunosuppressant use were less common in their study than in our patient population. Their study demonstrated that the specificities and PPVs of the two Ostrosky-Zeichner rules were improved by the addition of colonization to the rule, although this resulted in lower sensitivity.
Our study has several limitations. First, the study was a retrospective, single-center study. Additionally, our institution has a large population of solid organ transplant and hematopoietic stem cell transplant patients. Thus, the results of our study may not be generalizable to those conducted at other institutions. Data from our study as well as that of Playford et al. [18] suggest that clinical prediction rules can be applied only to patient populations other than the derivation population if the potential for case-mix variability is taken into consideration. The application of the rules was limited to ICU patients, as this was the original population for which the rules were developed. The development and application of a prediction rule for use in the non-ICU patient population remains an unaddressed issue. Also, previous studies supporting the effectiveness of antifungal prophylaxis were conducted in populations that had an incidence of invasive candidiasis over 10% among the control populations [9] [10] [11] . In contrast, our study, along with those in which the Ostrosky-Zeichner and Paphitou rules were developed [15] [16] [17] , occurred in populations with lower infection rates. In this setting, it may be more appropriate to focus attention on early empiric antifungal therapy, although early empiric therapy with fluconazole was not shown to be beneficial in an ICU population with an incidence of invasive candidiasis of 9% in the control population [22] . Last, clinical prediction rules utilizing colonization with Candida spp. as a risk factor [21, 23] could not be evaluated in our study, because routine surveillance cultures to detect such colonization are not performed at our institution. While colonization has been shown to be a risk factor for invasive candidiasis [24] , the predictive value of colonization for invasive candidiasis is variable [21, 23, 25] .
Conclusions
Invasive candidiasis is a serious and devastating infection leading to a significant clinical and economic burden on patients and healthcare systems. The best method for identifying patients who are likely to benefit from antifungal prophylaxis remains unclear. Clinical prediction rules incorporating numerous risk factors have been developed and externally applied. A new clinical prediction rule, the NMC rule, using factors that are easily obtained, was developed on the basis of our experience in our patient population and compared favorably to the previously published rules. We intend to validate this rule in a prospective study at our institution. Because of the high NPV, the rules are likely best applied to identify patients who would least likely benefit from antifungal prophylaxis rather than to identify patients who should receive such therapy. Future studies should investigate the prospective application of these clinical prediction rules in an attempt to prevent unnecessary antifungal therapy, optimize care for patients and facilitate the design of forthcoming antifungal clinical trials.
Key messages
• The prevalence of nosocomial invasive candidiasis has increased and is associated with increased mortality, longer hospital stay and higher costs. Further, delays in appropriate therapy have been associated with increased mortality due to invasive candidiasis.
• Universal antifungal prophylaxis is not clinically or fiscally responsible, as many patients are at low risk for developing infection, and inappropriate use of antifungals can promote resistance and increase costs. Therefore, a prediction rule for identifying patients most likely to benefit from prophylaxis would be advantageous.
• This study serves as an external validation and comparison of two clinical prediction rules for invasive candidiasis previously published by Paphitou et al. [15] and Ostrosky-Zeichner et al. [16] . A new clinical prediction rule, the NMC rule, using factors that are easily obtained, was developed on the basis of our experience in our patient population and compared favorably to the previously published rules.
• Due to the high NPVs, the rules are likely best applied to identify patients who would be least likely to benefit from antifungal prophylaxis rather than to identify patients who should receive such therapy.
• Future studies should investigate the prospective application of these clinical prediction rules in an attempt to prevent unnecessary antifungal therapy, optimize care for patients and facilitate the design of forthcoming antifungal clinical trials.
Abbreviations AUC ROC: area under the receiver operating characteristic curve; CVC: central venous catheter; NPV: negative predictive value; PPV: positive predictive value; TPN: total parenteral nutrition.
